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Based on first principle calculations we have investigated the evolution of magnetism in free-
standing monolayer FeSe with respect to lattice constant and magnetism in bulk FeSe. The com-
putational results show that the magnetic order in free-standing monolayer FeSe will change from
anti-ferromagnetic pair-checkboard order to stripe collinear order along with enlarging lattice con-
stant. The magnetic order in bulk FeSe will change from stripe collinear order to anti-ferromagnetic
pair-checkboard order only if structure reconstruction is allowed. We use J1-J2-K1 model to fit
the calculated total energies of different magnetic orders to study magnetic interaction strengths in
FeSe. The fitting results of J1-J2-K1 indicate that magnetic interactions in FeSe are quite strong
and highly frustrated, and increase slowly with enlarging lattice parameter.
PACS numbers: 74.20.Pq, 74.70.Xa, 75.70.Ak
I. INTRODUCTION
In recent years up to 20meV superconducting
gap has been observed in monolayer FeSe grown
on SrTiO3(STO) substrate by scanning tunneling
spectroscopy(STS)[1] and angle-resolved photoemission
spectroscopy(ARPES)[2–4] experiments. Moreover,
Jian-Feng Ge et al.[5] reported the observation of over
100K superconductivity in FeSe/STO systems by in
situ four-point probe electrical transport measurements,
where the superconducting critical temperature(Tc)
is almost twice of the Tc record in FeAs-based
supercondcutors[6, 7] and ten times of Tc measured in
bulk FeSe under ambient pressure[8, 9]. Several possi-
ble mechanisms have been proposed to explain the Tc
enhancement. The first possible mechanism is charge
transfer indicated by the ARPES observation of only
electron Fermi pockets in FeSe/STO[2–4]. The sec-
ond one is strong electron-phonon coupling suggested
by ARPES observation of ”replica bands”[10]. In ad-
dition, stress caused by lattice mismatch between FeSe
film and STO substrate is also thought to be one pos-
sible reason for Tc enhancement[11]. In bulk iron-based
superconductors magnetic interactions seem to be impor-
tant for superconductivity[12]. The parent compounds
of iron pnictide superconductors have stripe collinear
long range magnetic order, which has been confirmed by
both experiments and Density Functional Theory(DFT)
calculations[13–18]. Although magnetic order has not
been observed in FeSe, it is still possible that magnetism
plays an important role in the Tc enhancement in FeSe
thin film. Previous studies have investigated the effect
of stress on magnetism in FeSe, however the reported
magnetic interaction strengths are inconsistent[19–21].
Therefore our main motivation is to reexamine the in-
fluence of stress on electronic structure and magnetism
of monolayer FeSe.
In this paper, we have studied the evolution of mag-
netism in free-standing monolayer FeSe with respect
to lattice constant and magnetism in bulk FeSe[22] by
means of first principle calculations. Lattice constants
3.765A˚, 3.905A˚ and 4.045A˚ were chosen for monolayer
FeSe during the calculations. The three kinds of lat-
tice constants were taken from previous DFT work[19],
which are supposed to be close to lattice constants of bulk
FeSe, STO substrate and KTaO3 substrate respectively.
The calculated results show that anti-ferromagnetic pair-
checkboard order is magnetic ground state of free-
standing monolayer FeSe with lattice constant 3.765A˚
and bulk FeSe under structure reconstruction, and that
stripe collinear order is magnetic ground state of free-
standing monolayer FeSe with lattice constant 3.905A˚
and 4.045A˚. The anti-ferromagnetic pair-checkboard or-
der in bulk FeSe was first found by Hai-Yuan Cao et
al.[21] via first principle calculations. Furthermore, we
used J1-J2-K1 model[23, 24] to fit calculated total ener-
gies of different magnetic orders to study magnetic inter-
actions in FeSe and the relations between magnetic in-
teraction and lattice constant. The results indicate that
magnetic interaction strengths increase slowly as enlarg-
ing lattice constant. The ratio of fitted J2/J1 is close
to 0.5 for both bulk FeSe and monolayer FeSe, which
implies strong magnetic frustration in FeSe. Based on
J1-J2-K1 model with fitted exchange parameters we cal-
culated spin wave dispersions of bulk FeSe, which can be
tested in inelastic neutron scattering experiments.
II. METHODS
Non-collinear magnetic calculations implemented in
Vienna Ab initio Simulation Package(VASP)[25–27] were
performed to study the electronic and magnetic struc-
tures of free-standing monolayer FeSe with different
lattice constants and bulk FeSe. The project aug-
mented wave(PAW) pseudopotential[28, 29]with gener-
alized gradient approximation(GGA) of Perdew-Burke-
Ernzerhof(PBE)[30] for exchange-correlation potential
were adopted in the calculations. We used 24×24×1 k-
mesh and 18×18 × 18 k-mesh for reciprocal space sam-
pling in monolayer FeSe and bulk FeSe respectively[31],
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FIG. 1: Schematic diagram of different magnetic orders in
top view. NAFM, CAFM, SM, TM, BAFM, PAFM represent
Ne´el anti-ferromagnetic order, collinear anti-ferromagnetic or-
der, spiral magnetic order, tetrahedron magnetic order, bi-
collinear anti-ferromagnetic order and pair-checkboard anti-
ferromagnetic order respectively. The tetrahedron magnetic
order means that the moments of the four Fe atoms in the
unit cell form an tetrahedron. The solid grey lines enclose
magnetic unit cell of corresponding magnetic order used in
the calculations.
500eV for plane wave energy cut-off, and Gaussian
Smearing with broadening width of 0.01eV to capture
converged results in meV scale. Over 15A˚ vacuum
layer was added to decouple interlayer couplings. We
chose
√
2 × √2 × 1 supercell in the calculations of non-
magnetic(NM) state, Ne´el anti-ferromagnetic(NAFM)
state, collinear anti-ferromagnetic(CAFM) state, spi-
ral magnetic(SM) state, and tetrahedron magnetic(TM)
state. 2 × 1 × 1 supercell and 2√2 × √2 × 1 super-
cell were chosen in the calculations of bi-collinear anti-
ferromagnetic(BAFM) state and anti-ferromagnetic pair-
checkboard(PAFM) state respectively. All the calculated
magnetic states are schematically shown in the Figure 1.
We used the following frustrated J1-J2-K1[23, 24] model
to describe magnetic interactions, where the superex-
change parameters are fitted to the total energies with
variable moment sizes of different magnetic orders.
Hspin =
∑
〈i,j〉
J1Si · Sj +
∑
〈〈i,j〉〉
J2Si · Sj −
∑
〈i,j〉
K1[Si · Sj ]2
=
∑
〈i,j〉
J1
g2µ2B
Mi ·Mj +
∑
〈〈i,j〉〉
J2
g2µ2B
Mi ·Mj
−
∑
〈i,j〉
K1
g4µ4B
[Mi ·Mj ]2
(1)
where Mi (Mj) labels the magnetic moment of atom on
site i (j). 〈i, j〉, 〈〈i, j〉〉 denote all the summations over
nearest, next-nearest neighbor respectively. g labels the
Lande´ g-factor. µB represents Bohr magneton.
III. RESULTS AND DISCUSSION
In the calculations we used crystal structure after only
relaxing ionic positions under CAFM order. Since the
energy difference in bulk FeSe is quite small(1.5 meV
per Fe atom under CAFM order) between ferromagnetic
stacking and anti-ferromagnetic stacking in the c axis
direction, we just considered ferromagnetic stacking in
the c axis direction for simplicity during the calculations.
All the calculated total energies and moments of free-
standing monolayer FeSe with different lattice constants
and bulk FeSe are illustrated in the Table I.
a(A˚) 3.765 3.905 4.045 bulk
ZSe(A˚) 1.444 1.393 1.326 1.418
NAFM
E(eV) -49.628 -49.374 -48.968 -49.547
M(µB) 1.94 2.22 2.42 1.88
CAFM
E(eV) -49.761 -49.647 -49.396 -49.690
M(µB) 2.13 2.42 2.63 2.05
PAFM
E(eV) -49.808 -49.614 -49.234 −49.728?
M(µB) 2.12 2.35 2.52 2.09
?
BAFM
E(eV) -49.392 -49.122 -48.736 -49.333
M(µB) 2.01 2.35 2.67 1.89
SM
E(eV) -49.505 -49.366 -49.143 -49.458
M(µB) 1.96 2.43 2.63 1.80
TM
E(eV) -49.548 -49.346 -49.033 -49.394
M(µB) 1.89 2.29 2.52 1.90
TABLE I: Total energies and magnetic moments for free-
standing monolayer FeSe with different lattice constants and
bulk FeSe under different magnetic orders. The total ener-
gies are given with respect to magnetic unit cell with 4 Fe
atoms. For non-collinear TM order and SM order, the di-
rections of converged moments have tiny difference from the
originally set directions(up to 2 degree). Total energies of
NM states for monolayer FeSe with lattice constants 3.765A˚,
3.905A˚, 4.045A˚, and bulk FeSe are -49.113eV, -48.638eV, -
47.960eV, -49.146eV respectively. Energy and moment of bulk
FeSe labeled with ? are obtained after relaxing the height of
Se atoms. Due to the reconstruction under PAFM order, the
total energies and moments under PAFM order were not used
in fitting exchange parameters.
As the results shown in the Table I, PAFM state is
stable in monolayer FeSe with lattice constant 3.765A˚,
where the energy is lower than CAFM order by 12meV
per Fe atom. The total energies of CAFM order are still
lowest among calculated states in monolayer FeSe with
lattice constant 3.905A˚, 4.045A˚, and in bulk FeSe. The
magnetic state with initial PAFM order in bulk FeSe con-
verges to NM state after static calculations performed in
VASP. When optimizing ionic positions under PAFM or-
der, we found that there is a 2×1 structure reconstruction
in the long axis of magnetic unit cell for both monolayer
FeSe with the three kinds of lattice constants and bulk
FeSe. The reconstruction comes from the different dis-
tances of Se atoms to Fe atoms plane, which has been
3Fe
Se
FIG. 2: Se atoms displacement related to the structure re-
construction in FeSe under PAFM order. The solid grey lines
enclose magnetic unit cell of FeSe with PAFM order.
schematically shown in the Figure 2. In bulk FeSe the
reconstruction leads to the magnetic ground state chang-
ing from CAFM order to PAFM order with total energy
lower by 9.5meV per Fe.
Although no long range magnetic order has been ob-
served in bulk FeSe, it does not mean that the magnetic
interaction can been ignored. Previous studies in iron-
based superconductors used local spin model to describe
the magnetic interactions[18, 32–35]. Here we also em-
ploy a frustrated J1-J2-K1 model[23, 24] to describe the
magnetic interactions. Since the values of moment sizes
are not strictly 2 µB , we fitted total energies with vari-
able moment sizes to obtain superexhange parameters
(see equation (1)). Table II lists the fitting results.
a(A˚) 3.765 3.905 4.045 bulk
ZSe(A˚) 1.444 1.393 1.326 1.418
J1/g
2(meV ) 21.5±2.8 24.0±3.2 29.5±4.9 17.9±1.7
J2/g
2(meV ) 10.9±1.4 13.2±1.6 17.4±2.4 9.9±0.9
K1/g
4(meV ) 1.4±0.3 1.3±0.3 1.2±0.3 1.5±0.2
J2/J1 0.51 0.55 0.59 0.55
TABLE II: Fitting values of J1, J2, K1 for monolayer FeSe
with different lattice constants and bulk FeSe.
The fitting values of superexchange parameters have
been divided by the square or fourth power of Lande´ g-
factor. If the Lande´ g-factor is 2, the given exchange pa-
rameters should multiple by 4 or 16. The data in the Ta-
ble II indicates that the magnetic interactions in FeSe are
quite strong and that magnetic interactions in monolayer
FeSe is stronger than that in bulk FeSe. We can also see
that the magnetic interaction strengths increase slowly
with enlarging lattice parameter in monolayer FeSe.
What’s more, the fitting ratio of J2/J1 in both mono-
layer FeSe and bulk FeSe is close to 0.5. It is known in
J1-J2 heisenberg model of square lattice that the system
becomes highly frustrated as the ratio of J2/J1 close to
0.5. Magnetic frustration has been proposed as the ex-
planation for the absence of magnetic long range order
in bulk FeSe[20, 36–39]. So although magnetic order can
be obtained in FeSe with DFT calculations, the strong
quantum fluctuation can destroy the long range magnetic
order[20]. J. K. Glasbrenner et al.[20] and Zhong-Yi Lu
et al.[40] found that there exist a series of magnetic states
between PAFM order and CAFM order, which also imply
strong magnetic frustration in FeSe.
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FIG. 3: Band structures of free-standing monolayer FeSe with
lattice constant a= 3.765A˚, 3.905A˚ and 4.045A˚. The band
structures are calculated under NM states. The coordinates
of special points Γ, X, M are (0,0), (pi/a,0), and (pi/a,pi/a)
respectively.
We also calculated electronic structures of monolayer
FeSe with the three kinds of lattice constants under NM
state to study lattice constant’s influence on band struc-
ture. The band structures shown in the Figure 3 in-
dicate that enlarging lattice parameter does not change
band structures significantly, except a small change in
bandwidth and a small hole fermi pocket located at Γ
4point dropping below fermi level. The fact that band
structures and magnetic interactions do not dramatically
change with enlarging lattice constant implies that Tc
enhancement in FeSe/STO is unlikely induced by tensile
stress.
To test the validity and accuracy of our approach to
fitting exchange parameters, we calculated spin wave dis-
persions in bulk FeSe based on linear spin wave theory,
which can be experimentally measured by inelastic neu-
tron scattering. Since no structure reconstruction in bulk
FeSe has been observed by experiments, we then chose
CAFM order as magnetic ground state during the spin
wave calculations. The magnon dispersions within J1-J2-
K1 model can be written as,
ELSW (k) =
√
A2k −B2k, (2)
where
Ak = (2J1cos(ky) + 4J2)S + 2K1(4− 2cos(ky))S3,
Bk = (2J1cos(kx) + 4J2cos(kx)cos(ky))S + 4K1cos(kx)S
3.
(3)
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FIG. 4: Spin wave dispersions of tetragonal BaFe2As2 and
bulk FeSe under stripe collinear order, where we chose g=2
and S=1 . The dispersions are drawn in the unfolded Brillouin
zone(one Fe atom per unit cell), where the high symmetry
points are shown in the inset.
For comparison we also calculated spin wave disper-
sions of tetragonal BaFe2As2[41] within J1-J2-K1 model,
where J1 and J2 are also obtained by fitting total en-
ergies with variable moment sizes. The fitted val-
ues are J1/g
2=13.6±2.4meV, J2/g2=10.0±1.1meV and
K1/g
4 =1.4±0.3meV. The ratio of J2/J1 is around 0.74,
which is larger than that in both monolayer FeSe and
bulk FeSe, and thus make CAFM order stable. The
magnon dispersions along high symmetry points are
shown in the Figure 4. We can see that bulk FeSe has
a slightly larger bandwidth of magnon dispersions com-
pared with BaFe2As2, assuming the same g-factor and
spin size for the two compunds. Although no magnetic
long range order has been observed in bulk FeSe, we
hope that the spin wave dispersions under CAFM order
can still qualitatively describe the magnetic excitations
in bulk FeSe.
We noticed that our fitting results for monolayer FeSe
are different from previous calculations[19], where the fol-
lowing reasons may be responsible for that. (i) We used
more dense k-mesh and smaller broadening width com-
pared with their calculations. (ii) Non-collinear magnetic
states(SM and TM) were included in our calculations.
(iii) We calculated the total energies and moments of
different magnetic orders with fixed structure to fit the
exchange parameters J1, J2, K1, where they optimized
structure under different magnetic orders during the cal-
culations. (iv) In addition, here we have used the method
considering the magnetic moment sizes to fit exchange
parameters, which were not taken into account in their
fittings. Our J1-J2-K1 fitting results for bulk FeSe are in
rough agreement with the results of F. Ma et al.[42], but
are significantly smaller than the results of J. Glasbren-
ner et al.[20].
In conclusion, the computational results show that
the magnetic order in monolayer FeSe will change from
PAFM order to CAFM order with enlarging lattice con-
stant, and that the magnetic order in bulk FeSe will
change from CAFM order to PAFM order only if struc-
ture reconstruction is allowed. The fitted exchange pa-
rameters within J1-J2-K1 model suggest strong frustra-
tion in monolayer FeSe and bulk FeSe, which may provide
hint to understand why long range magnetic order has
not been observed in FeSe. According to the results, the
bandwidth of spin wave dispersions in bulk FeSe would
be slightly larger than that in BaFe2As2, which can be
verified in inelastic neutron scattering experiments.
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